Abstract-A cognitive underlay two-way relay network taking into account interference links from primary transmitter to secondary receivers over Nakagami-m fading channels is analyzed in this article. In this model, a secondary system including two terminal nodes exchanges data through a decode-and-forward (DF) relay node. Under the underlay approach, all secondary transmitter must adjust transmit power to protect the primary communications. We derive the exact and asymptotic closed-form expression for the secondary system outage probability over Nakagami-m fading channels showing the system diversity. Monte-Carlo simulation are performed to verify the analysis results as well as to show the system characteristics Index Terms-cognitive; two-way relaying; Nakagami-m fading; primary user, interference.
Introduction
R Ecently, cognitive radio has received considerable attention as a promising technology to alleviate the spectrum shortage problem [1] - [3] . Among three conventional cognitive approaches, i.e., underlay, overlay, and interweave [4] , the underlay approach has been broadly investigated in many research works, e.g., (see [5] - [8] and references therein), due to the low-complexity and easy implementation. In cognitive underlay systems, secondary users are allowed to operate on the spectrum bands licensed to the primary users as long as interference from secondary transmitters received at the primary receivers is lower than the allowable maximum interference to protect primary network communications.
To improve performance for secondary underlay networks, relaying/cooperative communications with half-duplex transmission has been considered recently to overcome the limitation of transmit powers for secondary users due to the constraint of the allowable maximum interference, e.g., [5] , [9] - [11] . However, the performance improvement comes at the expense of spectral efficiency since two or more time slots are required for each data packet transmission. In order to prevent a loss of the spectral efficiency due to the prelog factor of one-half, two-way relaying (TWR) has emerged as an spectral-efficient scheme for bidirectional message exchange between two users via a half-duplex relay [12] , [13] . Scanning the open literature, there are many works discussing on TWR systems and its performance, for to account both interference from primary transmitter and to primary receiver over Nakagami-m fading channels. It is well known that the Nakagami-m distribution is a versatile statistical distribution, generally adopted to model a variety of fading environments. In this paper, we studied for the first time cognitive underlay two-way relaying DF networks considering both interference from primary transmitter and to primary receiver over Nakagami-m fading channels. Based on the CDF approach and the conditional probability, we derive a novel exact closed-form expression for the system outage probability. We also provide the asymptotic expression of OP in high signal-to-noise ratio (SNR) regime and reveal useful insights into the system diversity order.
The remaining of the paper is organized as follows. Section 2 presents the considered system model. In Sect. 3, we provide the derivation of the system performance in terms of outage probability and its approximation. In Sect. 4, Monte-Carlo simulation are performed to verify the correctness of the analysis results as well as to study the system characteristics. Finally, we close the paper with conclusion and future works in the Sect. 5. Fig. 1 : System Model.
System Model
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We consider a cognitive system including two sub systems: primary network and secondary underlay network operating on the same frequency as illustrated in Fig. 1 . The primary network consists of a primary transmitter, denoted as T p , and a primary receiver, denoted as R p , while the secondary network includes two terminal nodes A and B that exchange data to each other through an intermediate relay node R. It is assumed that all nodes are equipped with single antenna for both transmission and reception and operate on half-duplex mode. We further assume that all both relays lie within the transmission ranges of both A and B, but there is no direct link connecting A and B due to large channel path-loss and heavy shadowing.
The two-way relaying transmission process between two nodes A and B is separated in three phases. In the first and second phase, node A and node B transmits its signals to relay node R, respectively. Using decode-andforward relaying, relay node R decodes the received signals, re-encodes, and then forwards the resulting signals towards node A and node B.
Since the cognitive underlay approach is adopted for secondary networks, the maximum transmit power of secondary nodes must be adjusted to keep the interference received at the primary receiver below the given maximum allowable interference level, I p . As a result, we can have the maximum transmit power of X with X ∈ {A, B, R} being a function of channel gain of the interference links as follows:
where h X Rp denotes channel coefficient from secondary transmitter X to primary receiver R p .
Taking into account the interference from the primary transmitter, the instantaneous signal-tointerference-plus-noise ratios (SINR) at R in the first and second phase are respectively written as
where P p is the average transmit power of the primary transmitter and N 0 denotes the variance of additive white Gauss noise at receivers. In addition, h X Y represents channel coefficient of the X → Y link with X ∈ {A, B, R, T p } and Y ∈ {A, B, R, R p } In the third phase, the SINR at node A and node B are respectively given as
It is assumed that all channels are assumed to be subject to a Nakagami-m fading, we then have |h X Y | 2 being a Gamma random variable with fading severity parameter m X Y and average power Ω X Y with the probability density function (PDF) and the cumulative density function (CDF) respectively given as 
Performance Analysis
In this section, we will study the performance of the secondary two-way relaying networks. In particular, we will derive the exact closed form expression of the secondary system outage probability over Nakagamim fading channels. To provide more insights, we also derive the asymptotic expression at high SNR for the system outage probability.
Exact outage probability of secondary system.
For two-way relaying with three communication phases, the system is in outage if at least one phase cannot support the desired target rate, R. Mathematically, we have
where γ th = 2 3R − 1.
In (8), γ R is the equivalent instantaneous SNR in the third phase, namely
Assuming that γ AR , γ BR , and γ R are independent each other, we can rewrite (8) as follows:
OP =1 − Pr (γ AR > γ th ) Pr (γ BR > γ th ) (γ R > γ th ) (10) To obtain OP, we need to obtain Pr(γ AR > γ th ), Pr(γ BR > γ th ), and Pr(γ R > γ th ). Theorem 1 will provide the exact closed-form expression for OP. Theorem 1. Over Nakagami-m fading channels, the exact closed-form expression of the system outage probability is given as (12) , where Q ab is the auxiliary function defined in (11) as
Proof: To obtain the close-form expression of the system outage, we need to calculate the CDF of γ AR , γ BR and γ R . We first consider the CDF of γ AR using the conditional probability. In particular, we can write the PDF of γ AR , i.e., F γ AR (γ th ) as follows:
where
and F γ AR |γ ARp (.) being the CDF of
Recalling (2), F γ AR |γ ARp (γ th ) can be rewritten as follows:
For Nakagami-m fading channels, we then have
Using [23, Eq. (8.352.2) ], i.e., expanding the incomplete Gamma function as a finite sum, (15) can be rewritten as follows: 
Plugging (17) and the PDF of γ AR p as in (6) into (13), we have
Making a change of variable, i.e., t = γ ARp α AR γ th P p / α TpR I p and then performing integration with the help of [23, Eq. (9.211.4)], we can obtain the exact closed-form expression of the CDF of γ AR as
and Ψ (α, γ; z) being the confluent hypergeometric function defined as
For the second phase, using the same derivation steps as for γ AR due to the fact that γ AR and γ BR takes the same form, we can obtain the exact closed-form expression of the CDF of γ BR as
α BR γ th Pp . We are now in a position to derive γ R . Starting from the fact that γ RA and γ RB are correlated due to the common random variable γ RRp , i.e., γ RRp = |h RRp | 2 , we
can write
where F γ R |γ RRp (γ th ) denotes the CDF of γ R conditioned on γ RRp . We can easily see that γ RA |γ RRp and γ RA |γ RRp are independent leading to (4) and (5) into (22) gives
To obtain the exact closed-form expression for (23), the following proposition will be useful.
Proposition 1.
For two given Gamma random variables X and Y with parameters m x , Ω x and m y , Ω y , respectively, the exact closed-form expression of the CDF of Z = X P Y +1 , where m x and m y are positive integer with P > 0 and P ∈ R is given as
Proof: See Appendix 5. Applying Proposition 1, we have .
Substituting (25) and (26) into (23) with some arrangement, we obtain
where Q ab is defined by (11) .
Plugging (27) into (21), we have 
.
resulting in
Making a change of variable for two integrals in (32) yields
With the help of [23, Eq. (9.211.4)], the CDF of γ R is expressed under an exact closed-form expression as (34).
Finally, substituting (19) , (20) and (34) into (8), we obtain the desired exact closed-form expression of OP for the cognitive two-way relay system over fading Nakagami-m channels with interference from primary transmitter to secondary receivers as (12) , shown at the top of the next page, which also completes the proof.
Asymptotic Expression of OP at high SNR regime
In this section, we will study the system characteristics by deriving the asymptotic expression of the system outage probability at high SNR regime. In particular, the asymptotic behavior of the lower incomplete Gamma function γ (n, Proof: See Appendix 5. In wireless communication systems, diversity order is an important parameter in evaluating system performance indicating the number of received independent fading signals at the receiver and being confirmed by the system outage probability at high SNR regime. In order to derive the system diversity order, we expand the asymptotic outage probability in (40) and then neglecting the high order terms of
From (35), we can be seen that the asymptotic outage probability of secondary system in high SNR regime is proportional to (1/I p ) min(m AR , m BR , m RA , m RB ) . Hence, the diversity order of the secondary system is min(m AR , m BR , m RA , m RB ). It is indicated that the diversity performance of the system is affected by the channel fading severity of the transmission link. The channel fading severity parameters of interference link have no impact on the diversity order.
Numerical Results
In this section, we present simulation results to verify the proposed derivation approach. For the network model, it is assumed that all nodes are located on a 2D plane and the distance between the two source terminals are normalized by one. Without loss of generality, we set coordinates of all nodes as follows: A(0; 0), B(1; 0), T p (0; 1), R p (1; 1) and R(0, 5; 0) with d XY being the physical distance between node X and node Y with X , Y ∈ {A, B, R, T p , R p }. Using the simplify path-loss model, we have α X Y = d β X Y , where β is the path loss exponent, 2 ≤ β ≤ 6. For illustrative purpose, we set β = 3, γ th = 1.25, and P p = 15 dB. Fig. 2 plots the system outage probability versus average SNRs using (12) It can seen from Fig. 2 that the simulation results completely coincide with theoretical results confirming correctness of the proposed derivation approach. We also observe that the asymptotic OP is close to the exact ones at high SNR regime showing the system diversify order. In particular, the system diversity order of one
(34) is achieved for the first and second case. While the system attains the diversity order of two for the third case. It is verified that the system diversity order will be determined by min(m AR , m BR , m RA , m RB ). In Fig. 3 , we study the effect of secondary relay location on the secondary system outage probability by varying the x-coordinate of the relay from 0.2 to 0.8. It can be seen from Fig. 3 that the relay position has strong impact on the system outage probability. It is likely that the system OP will achieve its minimum if R is approximately located in the middle of node A and node B. It can be explained by making use the fact that the relay location will decide the transmit power of the relay in the third phase. We can utilize numerical algorithm to determine the optimal location for the relay. Fig. 4 , we investigate the effect of T p location on the secondary system outage probability. We consider three typical location of T p as follows: (0, 1), (0.3, 0.8) and (−0.3, 1). It can be seen that the secondary OP decreases when T p is located closely to secondary receivers making more interference received at the secondary receivers from the T p . As a result, it can be expected that the optimal secondary location in this system is a function not only of the T p location but also the R p .
In Fig. 5 , the system OP for three cases of the R p location, i.e., (1, 1), (0.8, 1) and (0.6, 0.8), are plotted to show the effect of R p location on the system OP. Different with the T p location, which gives significant effect on interference received at secondary transmitter, the R p location affects on the limitation of transmit power at secondary transmitters. We can see that the first case outperforms the second case, which, in turns, outperforms the third case, as expected.
In Fig. 6 , we study the effect of the primary average transmit power on the secondary system outage probability Among three cases, cases 1 provides the best system outage probability while case 3 has the worst performance for low P regime. For high P regime, the system OP for three cases approach to one indicating that the performance of the secondary system can not be guaranteed if P is taken into account and greater than a specific value, e.g., P p > 15 dB for this case.
Conclusion
This paper has studied the performance of cognitive underlay two-way DF relay networks taking into account interference from the primary transmitter. We derived the exact and asymptotic secondary system outage probability over Nakagamai-m fading channels. Numerical results have shown that the secondary diversity order being a function of min(m AR , m BR , m RA , m RB ). It is also shown that the primary network parameters including location, transmit power, and maximum tolerate interference have significant effect on the secondary network performance.
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Appendix A
This appendix is to derive the CDF of Z. Recalling that Z = X P Y +1 , we have 
With the help of [23, Eq. (3.352. 3)], we have
After some manipulations, the CDF of Z is given as (24) .
Appendix B
We first approximate the CDF of γ AR by rewriting F γ AR (γ th ) as 
where Q a = Next, we find the asymptotic expression of the CDF of γ R at high SNR region. From (23), we have 
